In this work, extruded support tubes based on Nickel Oxide-YSZ (yttria stabilized-zirconia) were manufactured by Powder Extrusion Moulding (PEM). An YSZ layer is then deposited by dip coating as the electrolyte and subsequently, standard La0.8Sr0.2MnO3-δ (LSM)/YSZ composites were deposited by dip coating as oxygen electrodes. Microstructure of the anode support was optimized in order to achieve the maximum fuel utilization and as a consequence, a high performance of the cells. Experiments as a function of the fuel composition showed power densities above 500 mWcm -2 at 800 °C at 0.7 V, with high fuel utilization (∼75%). Long-term durability studies were also performed for a period above 1000 hours. The experiment was conducted at 800 °C using pure humidified hydrogen at a fixed voltage of 0.8V. It was observed that the current density of the cell is significantly evolving during the initial period of about 100 hours, as a consequence of reconditioning of nickel particles at the anode support. Once the system is stabilized, no degradation was observed up to 1000 hours under operating conditions, obtaining current densities in the range of 400 mAcm -2 at 0.8 V and 800 °C.
Introduction
Solid Oxide Fuel Cells (SOFCs) are devices able to transform chemical energy into work with high efficiency and low, or none, emission of pollutants [1] . They can use hydrogen as fuel, in addition to hydrocarbons. Moreover, they can be used to transform energy into hydrogen, which can be stored to be later used. Regarding their geometry, microtubular SOFCs (mSOFCs) present higher energetic density, better resistance to thermal stresses and smaller starting times than conventional planar stacks [2, 3] . Thus, they are suitable for portable applications in the sub kW energy range. Microtubular SOFC fabrication is a demanding process, as several ceramic layers of different compositions and microstructures need to be matched in a final device. One of the key parameters is to achieve strong interfaces between the different components and thus reducing polarization losses of the cells. For that purpose, different fabrication methods for the tubular supports were reported, such as cold isostatic pressing [4, 5] , powder extrusion moulding (PEM) [6, 7, 8] , powder injection moulding (PIM) [9] , gel-casting [10, 11] , slip-casting [12, 13] or the immersion-induced inversion method [14, 15] . Currently, the state of the art configuration for microtubular cells is the use on anode supported cells, and the most used composition is nickel-YSZ [2, 3] . However, probably their main limitation is achieving high fuel utilizations, as the tubular geometry does not allow an easy regulation of gases along the length of the tube [ 16 ] .
Optimization of the microstructure of the support is then one of the key parameters during fabrication, as it is required good electronic conduction along the thickness of the tubular support maintain an adequate fuel transport along the channels, in order to optimize fuel utilization (FU), being this is one of the major concerns of microtubular SOFCs. In fact, higher fuel utilization was recently reported for microtubular SOFCs by optimizing the porosity of the Ni-YSZ supports. Sumi et al. [ 17] studied the use of graphite and acrylic resin as pore forms. They confirmed the importance of the porosity distribution, as the Ni-YSZ microtube using graphite as pore former had a relatively uniform distribution of micropores, and showed higher fuel utilization (93%) in spite of low porosity in the anode. The microtube using acrylic resin as pore former, presenting higher porosity, showed a maximum fuel utilization of 72%. Although these high fuel utilizations are feasible, it is known that higher fuel utilizations lead to strong degradations associated to nickel oxidation/reduction processes. For example, a degradation rate of 8% per 1000 hours has been observed for cells operated over more than 1500 h under fuel utilizations of 40% [18] .
Durability is then a crucial aspect for SOFC applications with a strong dependence on cell processing parameters and also on the operation conditions. In the case of anode-supported cells, one of the major concerns is the dimensional changes associated to coarsening of nickel particles and redox cycling during cell operation [19, 20] . Other problems related to mSOFCs are the resistance to severe and rapid thermal cycles [21] , carbon deposition in the nickel catalyser when using hydrocarbons [22] , as well as current collection issues related to the tubular geometry [23] .
The objective of the present work is the optimization of mSOFC cells in terms of fuel utilization and long-term durability. Extruded support tubes based on Nickel Oxide-YSZ (yttria stabilizedzirconia) were recently manufactured by Powder Extrusion Moulding (PEM) [7] . Feedstock composition and extruding parameters were adjusted to obtain highly reproducible tubular green bodies, followed by deposition of the electrolyte (YSZ) and cathode (Lanthanum Strontium Manganite LSM/ YSZ) [24] . These cells showed typical power densities around 0.5 Wcm -2 at ca. 0.6 V and 800 °C.
Experimental
NiO-YSZ tubular anode supports were produced by PEM. The powder composition was based on NiO (GNO grade F, Hart Materials, median particle size D50=0.7 μm), YSZ (TZ-8YS, Tosoh Corporation, D50 = 0.9 μm) and corn starch (Maizena, D50 = 10.4 μm) as pore former to increase the porosity of anode supports. Final composition of the anode support was adjusted to a Ni-YSZ ratio of 50:50 (% in volume of solid phase), and porosities in the range of 50%. Additional details about the extrusion process, as well as the debinding process to eliminate the organic load, are shown in reference [7] and [24] . Subsequently YSZ was deposited as the electrolyte and co- For the electrochemical studies, microtubular cells were sealed into alumina tubes using ceramic sealing and then introduced in a three-zone tubular furnace with a homogeneous hot zone of 5 cm in length. Additional information about the placement of the electrical contacts and the experimental set up can be found in references [ 25 ] and [ 26 ] . Electrochemical impedance spectroscopy (EIS), potentiodynamic and chronoamperostatic studies were performed using a VSP Potentiostat/Galvanostat (Princeton Applied Research, Oak Ridge, US). EIS experiments were performed under OCV conditions applying a sinusoidal amplitude of 20 mV. Slow potentiodynamic experiments were performed from OCV down to 0.5V at 0.25mAs -1 . In order to study the effect of fuel utilization on the performance of the microtubular cells, different fuel conditions varying from 100 to 5 cm 3 min -1 were studied, using pure hydrogen humidified at room temperature (RT): 97% H2 -3% H2O at 800 °C. Long-term durability studies were also performed for a period above 1000 hours. The experiment was carried out at 800 °C and a fuel composition of 97% H2 -3% H2O. Chronoamperometric studies were performed at a fixed voltage of 0.8V while current density was monitored. Periodically, EIS and Current density -voltage (j-V) curves were performed.
Finally, the samples were observed in a Merlin FE-SEM (Carl Zeiss) in order to study their possible microstructure evolution. Samples were cut, infiltrated with epoxy resin under vacuum, ground and polished. Observations were made at low accelerating voltages in order to obtain contrast between the nickel and YSZ phases using an EsB (Energy selective Backscattered) detector. figure   2 , the contribution at low frequencies (LF) is increasing when decreasing the hydrogen flux while the medium frequency (MF) and the high frequency (HF) peaks remain almost unaltered.
Additionally, it is clearly observed that the characteristic frequency of the LF contribution is decreasing when decreasing the flux. It is then concluded that the LF process corresponds to a diffusive limitation, known as gas conversion impedance. This evidence was also confirmed by the lineal dependence of the inverse of the flux vs. the LF polarization resistance, as reported by Momma et al. [29] . As the HF and MF processes remain almost unaltered against both pH2 (hydrogen partial pressure) and flux of hydrogen, it is reasonable to assume that both contributions correspond to the LSM-YSZ oxygen electrode. Based on the extensive literature, the HF contribution was assigned to resistances at the interface between the electrolyte and the electrode, and the MF contribution was assigned to charge transfer and dissociative oxygen adsorption [30, 31, 32] .
Although the performance and FU of these microtubular cells meet the requirements for portable applications, additional strategies such as the use of additional pore formers (graphite or polymethyl methacrylate) and the implementation of anode functional layers will be considered in forthcoming studies.
Durability studies
As previously described, one of the major concerns of anode supported SOFCs is their degradation associated to nickel coarsening during long term operation [33, 34] . In order to study this effect in our microtubular cells, a chronoamperometric experiment was performed for a period of about 1000 hours at 800 °C, 0.8 V and 5 cm 3 min -1 of 97% H2 -3% H2O as fuel composition. Although higher FUs will be required for practical applications as for of planar geometries, fuel utilization of ∼40% was selected for the chronoamperometric experiment as this is the current state of the art in microtubular devices for long term experiments [16, 18] . In this experiment, as observed in the chronoamperometry of figure 3 , there is an initial non-stationary period during the first 20 hours, associated to reaccommodation of nickel particles after NiO reduction. This effect was previously observed for shorter durability studies [35] , where a complete EIS and microstructural study was performed. After this period, the system is about constant obtaining current densities of ∼400 mAcm 2 . Small oscillations during these experiments were attributed to room temperature (RT) differences between day and night. It is very remarkable that almost zero degradation was obtained after the initial stabilization of the cell. This result is consistent with other durability studies found in the literature for microtubular cells [6, 25] . Those results confirm that durability of microtubular cells is lower than for planar cells, where typical degradation rates of above 1% per 1000 h -1 are usually found [36] . The advantage of mSOFC configuration is that low temperature sealing can be used and, as a consequence, lower diffusion of species into the cells is expected, possibly being the reason for the enhanced durability of mSOFCs. j-V characterization was also performed during the chronoamperometric studies, as shown in figure 4 (a) . During this period, although small differences associated to RT changes are observed, there is no degradation in terms of fuel cell performance for a period above 1000 hours under operation conditions. Similar findings were observed from EIS experiments collected after the initial stabilization period and after the complete chronoamperometry ( figure 4 (b) ). It should be pointed out that those experiments where conducted at OCV using a sinusoidal amplitude of 20 mV. Under those conditions, as the system is changing from anodic to cathodic polarization, small differences can be observed at the EIS spectra specially at low frequencies (as observed in the figure). It can be concluded that the small differences were associated to instability of the system and/or small temperature changes during the experiment, and clearly there is no significant variation in the ASR values when comparing the initial and final state. When EIS measurements at 92h and 1038h are directly compared, it is then established that there is almost no variation for the cell between the period of ∼100 and ∼1000 hours.
Microstructural characterization
SEM studies were performed in cells operated under different conditions in order to understand the possible degradation mechanisms. Figure 5 shows the typical microstructure of the anode, for cells just after NiO reduction (initial state) and after operation (∼100 and ∼1000 hours). Nickel coarsening during operation has been extensively studied in the literature [34, 37 , 38 ] . In concordance with previous findings [34] , as also observed during the initial hours of the chronoamperometry shown in figure 3 , there is an initial small degradation as a consequence of the coarsening of the smallest nickel particles. However, it is very remarkable from this experiment that despite of the further significant nickel particles growth, there is no degradation in terms of fuel cell performance. It seems that after ∼1000 hours there is still enough porosity in the anode support for an easy gas flow along the tubes. In addition, although nickel coarsening is clearly visible during long-term operation, there is no depletion of nickel at the anode/electrolyte interphase assuring an efficient exchange of current needed for hydrogen dissociation. In addition, nickel remains as a percolating phase after ∼1000 hours at the anode/electrolyte interphase. One of the common causes of mSOFCs degradation is the loss of current collection ascribed to the nickel oxidation and agglomeration [18] , which we do not observe in our case. It is reasonable to assume that in our cells, LSM-YSZ cathode is the limiting electrode, as despite of those reported microstructural changes on the Ni-YSZ anode side there is no degradation in terms of current density.
After those experiments, it is concluded that after the initial conditioning of the cell, and for a period of above 1000 hours under operation conditions, it was not possible no quantify any degradation [39] . Those results confirm that the studied cells are suitable to be integrated for mSOFC portable devices.
Conclusions
Microtubular anode supported NiO-YSZ/YSZ/LSM-YSZ cells were characterized in terms of fuel utilization and long-term durability. In despite of their thick wall-thickness (∼600 µm), they are able to achieve fuel utilizations of 58% operating at 0.7 V. At least, three major processes were identified by EIS studies, occurring at LF (gas conversion impedance at the anode support), MF (charge transfer and dissociative oxygen adsorption at the oxygen electrode) and HF (resistances at the interface between the electrolyte and the oxygen electrode).
A chronoamperometry study under current load revealed that there is an initial non-stationary period during the first 20 hours, associated to re-accommodation of nickel particles after NiO reduction. After this period, there was no degradation observed from j-V and EIS studies, and the system is about constant obtaining current densities of ∼400 mAcm 2 . Although evident nickel particles growth, as observed by SEM experiments after operation, there is no degradation in terms of fuel cell performance for a period above 1000 hours. Those findings confirm that these cells achieve the requirements for their integration into mSOFC portable devices. 
